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SUMMARY 

A  method  is  presented  for  calculating  the  pressure  distribution  and 
damping  in  steady  pitch  at  supersonic  Mach  numbers  of  thin,  flat,  swept- 
back  wings  having  all  edges  straight  and  subsonic.  Although  it  is  adapt¬ 
able  to  wings  with  negative  rake  at  the  tips,  the  method-  is  applied  only 
to  wings  with  streamwise  tips. 

The  method  consists  of  two  steps first,  the  calculation  of  a  basic 
pressure  distribution,  which  is  identical  to  that  existing  on  an  infinite 
triangular  plan  form  having  leading  edges  that  coincide  with  those  of  the 
swept— back  wing;  and  second,  the  correction  of  this  basic  distribution  to 
account  for  the  effects  of  the  subsonic  trailing  edges  and  tips.  In  cal¬ 
culating  the  various  corrections,  use  is  made  of  the  principle  of  the 
superposition  of  conical  flows.  The  derivative  for  the  damping  in  pitch 
is  calculated  in  a  similar  manner. 

In  applying  the  method  of  analysis  to  a  typical  configuration,  it 
was  found  that  several  of  the  corrections  were  small,  and,  from  a  practi¬ 
cal  standpoint,  could  be  dropped 0  By  dropping  these  terms  the  method  is 
shortened  to  the  extent  that  it  closely  parallels  previously  published 
methods  for  calculating  the  lift,  pitching  moment,  and  damping  in  roll  of 
swept-back  wings  with  subsonic  edges. 

A  substantial  reduction  of  the  pressure  in  the  vicinity  of  a  subsonic 
tip  was  disclosed  in  the  analysis.  This  effect  was  also  found  earlier  for 
the  cases  of  steady  lift  and  steady  roll. 

The  method  is  based  upon  the  usual  assumptions  and  limitations  of 
the  linearized  potential  theory  for  supersonic  flow. 


INTRODUCTION 

Methods  have  been  developed  previously  for  the  calculation  of  the 
pressure  distribution  and  the  damping  in  steady  pitch  at  supersonic  Mach 
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numbers  for  thin,  flat  wings  of  various  plan  forms,  including  triangular 
wings  (reference  l),  rectangular  wings  (reference  2),  wings  with  super¬ 
sonic  leading  edges  but  somewhat  arbitrary  plan  form  (reference  3),  and 
swept-back  wings  having  all  supersonic  edges  or  a  combination  of  subsonic 
leading  edges  and  supersonic  trailing  edges  and  tips  (references  k  and  5)*1 
An  approximate  analysis  of  the  damping  in  pitch  of  a  limited  class  of 
swept— back  wings  having  all  edges  subsonic  and  straight  is  reported  in 
reference  6.  In  the  present  report,  a  method,  which  can  be  applied  more 
generally  than  that  of  reference  6,  is  presented  for  the  analysis  of  swept- 
back  wings  with  straight  subsonic  edges. 


The  present  method  of  analysis  consists  essentially  in  the  super¬ 
position  of  various  conical  and  quasi— conical2  fields  of  pressure  in  such 
a  manner  that  the  particular  boundary  conditions  for  a  swept— back  wing  in 
steady  pitch  are  fulfilled.  In  detail,  it  closely  follows  the  analyses 
given  in  references  7  and  8  for  the  case  of  steady  lift  and  in  reference  9 
for  the  case  of  steady  roll.  The  analyses  for  the  three  cases,  in  fact, 
differ  only  in  application  to  the  different  sets  of  boundary  conditions 
corresponding  to  lift,  roll,  and  pitch. 

The  present  analysis  and  those  of  references  7  and  9  are  limited  to 
wings  having  zero  or  negative  rake  at  the  tips;  however,  wings  having 
positive  rake  can  be  treated  through  an  adaptation  of  the  method  given  r 

in  reference  8.  Although  the  analysis  for  the  type  of  configuration  in 
which  the  Mach  lines  from  the  root  of  the  trailing  edge  intersect  the 
leading  edge  is  not  complete,  the  results  given  for  this  case  are  suffi—  v 

ciently  accurate  for  many  practical  purposes.  The  scope  of  the  method 
in  general  is  limited  to  the  usual  idealizations  and  assumptions  of  lin¬ 
earized  potential  theory. 

To  illustrate  the  application  of  the  method,  calculations  of  the 
damping  derivative  and  of  the  pressure  distribution  along  several  chord- 
wise  and  spanwise  sections  of  the  swept^back  wing  shown  in  figure  1(a) 
are  included 0 


NOTATION 


a  slope  of  any  ray  through  origin  divided  by  slope  of  Mach 

lines  (fig.  1(b))  (3*jr) 


1The  terms  "subsonic  edge"  and  "supersonic  edge"  refer  to  edges  having 
normal  components  of  flow  which  are  subsonic  and  supersonic, 

respectively.  * 

2The  term  "quasi-coni cal  pressure"  designates  a  pressure  which  is 
distributed  linearly  along  rays  passing  through  a  fixed  point. 
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the  ray  a  intersecting  the  trailing  edge  at  the  point' 
from  which  the  Mach  line  passing  through  the  tip  of  the 
leading  edge  emanates  (fig.  1(h)) 


<l-m) 


-(l-m) 


Coirant 


the  ray  a  intersecting  the  trailing  edge  at  the  point 
from  which  the  Mach  line  passing  through  point  P (x,y) 

/jD.  ^  a  py+c0-x 


emanates  (fig.  1(h))  'on  trailing  edge,  a0=mt 


on  tip,  aQ= 


fts 

x+p(y-6) 


py+Coint-x 


slope  of  ray  through  the  trai ling-edge  tip  divided  hy 


slope  of  Mach  lines  (fig.  1(h)) 


wing  span 


pitching-moment  coefficient 


derivative  for  the  damping  in  pitch 


£pV  Sc 


r  ** 

L  a  7S 

V  2V. 


(in  the  present  report,  Cm  with  no  subscript  represents 

the  damping  moment  about  the  center-of-gravity  axis 
resulting  from  the  loading  due  to  steady  pitch  about  the 
y  axis  instead,  of  the  center-of-gravity  axis.  See 
equation  (2).) 

root  chord  of  wing 


auxiliary  functions  used  in  analysis 

slope  of  leading  edge  divided  hy  slope  of  Mach  lines 
(fig.  1(h))  (p  cot  A) 

slope  of  ray  passing  through  point  x^,y^  and  tip  of  lead¬ 
ing  edge  divided  hy  slope  of  Mach  lines  (fig.  1(h)) 

r  p(s-7a)  ~ 
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slope  of  ray  passing  through  root  of  trailing  edge  and 
tip  of  leading  edge  divided  by  slope  of  Mach  lines 

(fie.  1(f))  f'g-ga-') 

\  Ps-mc0  J 

slope  of  tip  divided  "by  slope  of  Mach  lines 

slope  of  trailing  edge  divided  by  slope  of  Mach  lines 
(fig.  1(h)) 

pitching  moment  about  the  y  axis 
free— stream  Mach  number 


pressure  difference  between  the  upper  and  lower  wing  sur¬ 
faces 

pressure  coefficient 


correction  to  the  basic  pressure  coefficient 

basic  pressure  coefficient  at  the  root  of  the  trailing 
edge  for  a  wing  at  constant  angle  of  attack 

basic  pressure  coefficient  at  the  root  of  the  trailing 
edge  for  a  wing  in  steady  pitching  motion 

steady  pitching  velocity,  radians  per  unit  of  time 

(positive,  if  direction  of  rotation  is  that  of  increas¬ 
ing  angle  of  attack) 


K  + 


— 

■3— PT  E 


1  —  m  1  —  m 

semi  span  of  wing 
area  of  wing 

slope  of  any  ray  passing  through  the  point  xA,yA 


divided  by  slope  of  Mach  lines  p 


x-x 


A 


y-y, 


A 


slope  of  ray  through  trailing-edge  apex  divided  by  slope 
of  Mach  lines 
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V 

x,y,z 


X 


X 


s 


X 


c 


Wp 
2  V 


P 


free— stream  velocity 

Cartesian  coordinates  in  the  stream  direction,  across  the 
stream,  and  in  the  vertical  direction,  respectively  (fie;. 

.  100)  . 

streamwise  distance  from  y  axis  to  the  center  of  pressure 
of  an  element  of  wing  area 

streamwise  coordinate  of  point  where  any  ray  tQ  intersects 
tip  or  leading  edge  (for  the  tip,  xg  =  +  cQ;  for  the 

leading  edge,  xs  =  +  c  )  ° 

zQ — m  o 

streamwise  distance  from  y  axis  to  center  of  gravity  of 
airplane  configuration 

force  in  the  vertical  direction 

dimensionless  parameter  representing  steady  pitching  velocity 

7m02-i 


constant  factor  used  in  equations  (5)  and  (6) 
free— stream  mass  density 

argument  of  inverse  cosine  terms  (see  text) 


A 


angle  of  sweep  of  leading  edge 


Elliptic  Integrals 


K 

E 


*o 


F(%>ko) 


complete  elliptic  integral  of  first  kind  with  modulus  J 1-m2 
complete  elliptic  integral  of  second  kind  with  modulus  */l-m2 
complete  elliptic  integral  of  first  kind  with  modulus  kQ 
complete  elliptic  integral  of  second  kind  with  modulus  kQ 
a/i-jii^2 

incomplete  elliptic  integral  of  first  kind  with  modulus  kQ, 
amplitude  cp 
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K(k) 

E(k) 

k 


k» 

F(q>,k‘) 

E(q>,k») 


9 

F(^,k«) 

E(^,k«) 


t 

*0 


incomplete  elliptic  integral  of  second  kind  with  modulus  kQ, 
amplitude  cpQ 


complete  elliptic  integral  of  first  kind  with  modulus  k 
complete  elliptic  integral  of  second  kind  with  modulus  k 


'(m~a0)(l~m) 


7  2m(l+a0) 

J 1  -  k2 


incomplete  elliptic  integral  of  first  kind  with  modulus  k*, 
amplitude  cp 

incomplete  elliptic  integral  of  second  kind  with  modulus  k1, 
amplitude  cp 

sin-1  J-  /l±S 

k*  v  2 


incomplete  elliptic  integral  of  first  kind  with  modulus  k1, 
amplitude  t|r 

incomplete  elliptic  integral  of  second  kind  with  modulus  kf, 
amplitude  \|r 


sin"1  i  x  13 

k’  */  Py+x  2m 

[E(k)  -  K(k)]  F(<p,k')  +  K(k)  E(cp,k») 
[E(k)  -  K(k)]  F(+,k»)  +  K(k)  E(+,k*) 


Subscripts 


1 


terms  related  to  the  conical  press-ores  (except  as  noted) 


2 


terms  related  to  the  quasi-conical  pressures  (except  as  noted) 
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A  terms  evaluated  at  the  point  A(xA,yA)  on  the  wing  boundary 

on  the  trailing  edge  ,  xA  =  yA  =  ^.C°  a  :  on  the  tip, 

L  -i  mt-a  A 

XA  =  ^  =  s 

L  terms  corresponding  to  steady  lift 

P  terms  corresponding  to  steady  pitching  velocity 

E  terms  corresponding  to  steady  rolling  velocity 

c*g-  terms  referring  to  center-of -gravity  axis  of  airplane 

configuration 

a  designates  "per  unit  angle  of  attack" 


Superscripts 

terms  related  to  symmetrical  canceling  sectors  in  wake 
terms  related  to  oblique  canceling  sectors  in  wake 
terms  related  to  canceling  sectors  outboard  of  tip 

METHOD  OF  ANALYSIS 


The  method  for  calculating  the  pressure3  and  the  damping  derivative 
for  flat  swept— hack  wings  in  steady  pitch  is  developed  in  a  manner  simi¬ 
lar  to  that  in  reference  7  for  wings  in  steady  lift  and  in  reference  9 
for  wings  in  steady  roll.  The  present-analysis,  therefore,  will  be 
shortened  somewhat  by  referring  frequently  to  these  two  reports.  The 
analysis  is  restricted  to  wings  having  straight  subsonic  edges  and, 
although  it  can  be  adapted  easily  to  wings  with  negative  rake4  at  the 
tips,  is  applied  only  to  cases  of  zero  rake  (i.e.,  streamwise  tips). 

A  thorough . treatment  of  those  cases  in  which  the  Mach  lines  originating 
at  the  trailing  edge  intersect  the  leading  edge  is  not  included;  however, 
results  which  are  suff iciently  accurate  for  most  practical  cases  of  this 
type  can  be  obtained  from  the  method  as  outlined. 

3  1  ■  ■  — — — — — 

Throughout  the  report  the  terms  "pressure"  and  "pressure  coefficient" 
will  be  used  synonymously. 

The  rake  at  the  tip  is  negative  if  the  tip  slopes  inwardly  from  the 
leading  edge. 
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In  the  coordinate  system  chosen  for  the  analysis,  the  origin  is 
located  at  the  apex  of  the  leading  edge  and  the  x  axis  coincides  with 
the  root-chord  line  of  the  wing.  (See  fig.  1.)  The  y  and  z  axes 
extend  6panwise  in  the  plane  of  the  wing  and  perpendicular  to  the  plane 
of  the  wing,  respectively. 

The  analysis  is  facilitated  by  assuming  initially  that  the  pitching 
axis  coincides  with  the  y  axis.  Subsequently,  the  pressure  distribution 
due  to  pitching  about  an  axis  passing  through  the  center  of  gravity  of  the 
airplane  configuration  (assumed  to  lie  on  the  x  axis  at  a  distance 
xc  downstream  from  the  y  axis)  can  be  obtained  by  superposing  on  the 

pitching  motion  about  the  y  axis  a  vertical  translational  motion  of 
velocity  qxc<g>.  The  pressure  distribution  due  to  this  translational 
motion  corresponds  to  that  of  a  wing  at  a  constant  angle  of  attack  of 

-qx_  _  N.  (See  reference  4.)  Thus, 

c  •  g. 


where  P-  and  PT  have  been  corrected  for  the  effects  of  canceling 

the  excess  basic  pressure  in  the  wake  and  outboard  of  the  tips.  The  cor¬ 
responding  transformation  for  the  damping  derivative  is 


(°4g 


'm. 


in  which 


'ITL 


7 

and 


(%)„ 


2  ±2^.  c. 


Co  ^ 


‘C.g 


are  the  damping  derivative  and  lift 

y  '  "y 

coefficient  corresponding  to  steady  pitching  motion  about  the.  y  axis, 
and  C  and  CT  are  the  moment  coefficient  and  lift  coefficient  per 

unit  angle  of  attack*  In  order  to  simplify  the  analysis  in  the  present 

/  -  x  -  '  ~  \  are  calculated  as  a  single 


report,  the  terms 


term  Cm  such  that 

q 


(S), 


and 


(%) 

c.g 


=  C  —  2  Xc,ff'  C„  -  2 
mq  cn  % 


V  C„ 


o  ' 


Ja 


(2) 
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It  should  he  observed  that  the  term  Cm^  then  represents  the  damping 

moment  about  the  center-of-gravity  axis  resulting  from  the  loading  due 
to  steady  pitch  about  the  y  axis,  and  therefore  does  not,  by  itself, 
constitute  the  complete  damping  derivative  (except  in  the  special  case 
in  which  the  center  of  gravity  lies  at  the  leading-edge  apex) .  The 
additional  terms  (Pj^,  and  C-^)  required  for  other  locations 

of  the  center  of  gravity  can  be  calculated  by  the  method  of  references 
7  and  8. 

The  order  of  the  analysis  consists  in  the  derivation  of  the  pressure 
distribution,  followed  by  the  calculation  of  the  damping  derivative. 


Pressure  Distribution 


Following  the  procedure  given  in  references  7,  8,  and  9,  the  swept-, 
back  wing  is  considered  initially  to  be  an  integral  part  of  an  infinite 
triangular  plan  form,  the  leading  edges  of  which  coincide  with  those  of 
the  swept-back  wing.  Then  it  is  possible  to  calculate  a  basic  pressure 
distribution  over  the  swept— back  wing  by  means  of  the  simple  expression 
for  the  triangular  wing.  The  excess  basic  pressures  introduced  in  the 
wake  and  outboard  of  the  tips  of  the  swept-back  wing  in  the  first  step 
are  subsequently  canceled  by  superposing  over  those  regions  a  series  of 
conical  and  quasi— conical  pressure  fields.  At  the  same  time,  the  Kutta 
requirement  of  zero  pressure  along  the  trailing  edges  and  tips  is  ful¬ 
filled.  If  the  trailing  edges  and  tips  are  supersonic,  these  exterior 
pressures  may  be  neglected  since  their  influence  does  not  extend  onto 
the  plane  of  the  wing.  For  wings  with  subsonic  edges,  several  primary 
and  secondary  corrections  representing  the  effects  of  canceling  the 
excess  pressure  in  the  wake  and  outboard  of  the  tips  must  be  added  to  the 
basic  pressures. 

Basic  pressure  distribution.—  The  basic  pressure  distribution  for 
the  triangular  wing  in  steady  pitch  is  given  in  reference  ^  as 


8  x  2m2-  a2 


B  =  +  Jf-E 

1-m2  1-m2 


The  variation  of  pressure  is  seen  to  be  quasi  conical  (i.e.,  the  pressure 
varies  linearly  in  the  x  direction  along  a  given  ray  a)  and  to  be 
dependent  principally  upon  the  sweep  of  the  leading  edge.  Equation  (3) 
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also  can  be  used  directly  to  calculate  the  pressure  distribution  of  swept— 
back  configurations,  except  in  the  vicinity  of  a  subsonic  boundary.  For 
the  configuration  considered  herein,  the  regions  in  which  the  above  w 

expression  is  inadequate  are  labeled  I,  II,  and  III  in  figure  l(a). 

Region  I  is  influenced  by  the  excess  pressure  in  the  wake,  region  II  by 
the  excess  pressure  outboard  of  the  tip,  and  region  III  by  the  pressure 
both  in  the  wake  and  outboard  of  the  tip. 

Primary  corrections  due  to  cancellation  of  basic  pressure  in  wake.— 

The  corrective  terms,  which  in  regions  I,  II,  and  III  correspond  to  the 
induced  effects  caused  by  the  cancellation  of  the  excess  basic  pressure, 
are  designated  "primary  corrections"  in  the  following  analysis.  They  are 
derived  by  superposing  along  the  subsonic  boundaries  a  series  of  sectors 
of  conical  and  quasi— conical  pressure  which,  when  integrated,  completely 
cancel  the  excess  pressure.  The  function  for  each  sector  of  canceling 
pressure,  in  order  to  fulfill  the  boundary  conditions  of  the  pressure  to 
be  canceled,  must: 

1.  Represent  a  field  of  pressure  consisting  of  conical  and  quasi— 

conical  portions  which  conform  with  the  pressure  field  given 
by  equation  (3) 

2.  Have  a  downwash  flow  field  which  does  not,  in  general,  extend 

onto  the  plane  of  the  wing,  in  order  that  the  flatness  of  the  w 

wing  be  maintained 

3.  Satisfy  the  linearized  equation  for  potential  flow  r 

A  function,  which  fulfills  the  above  requirements  with  regard  to  the 
cancellation  of  the  basic  pressure  in  the  wake,  is  composed  of  two  prin¬ 
cipal  parts:  the  first,  represented  by  a  single  symmetrical  sector  of 
pressure,  and  the  second,  represented  by  a  series  of  oblique  sectors  of 
infinitesimal  pressure.  The  first  cancels  the  relatively  large  field  of 
pressure  determined  by  the  basic  pressure  at  the  apex  of  the  trailing 
edge  (fig.  2(a)),  and  the  second  cancels  the  remining  smaller  portion 
of  the  pressure  (fig.  2(b)). 

The  first  principal  part  of  the  function  is  composed  of  a  conical 
and  a  quasi— conical  component,  and  can  be  derived  from  the  symmetrical 
function  previously  utilized  in  reference  7  for  the  lifting  case.  Thus 
the  function5 


5  It  is  understood  that  the  real  part  of  F(cpQ,k0)  applies.  For  values 

of  sin  <p  greater  than  one,  the  real  part  of  cp  is  equal  to  rt/2, 
o  o 

and  the  real  part  of  F(cp0,k0)  is  equal  to  KQ. 
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where 


and,  where  PT  is  the  lifting  pressure  at  the  apex  of  the  trailing 

ljQ 

edge,  can  be  used  directly  in  the  pitching  case  to  cancel  a  field  of 
constant  pressure,,  equal  in  magnitude  to  the  pressure  (due  to  pitch) 
at  the  trailing-edge  apex,  by  rewriting  it  in  the  form 


where  PpQ  is  given  by  equation  (3)  for  a=0  and  x=cQ,  that  is. 


The  field  of  pressure  canceled  by  means  of  equation  (k)  is  conical 
(fig.  2(a)),  since  the  canceling  pressure  is  constant  along  the  rays  tQ 
originating  at  the  apex  of  the  trailing  edge. 

A  symmetrical  function,  which  cancels  the  remaining  quasi-conical 
portion  of  the  pressure  (fig.  2(a)),  can  be  derived  by  the  method  of 
superposing  infinitesimal  conical  pressure  fields,  as  outlined  in 
reference  9-  The  derivation  consists  in  the  formation  of  a  function  for 
a  quasi-t?onical  pressure  field  by  integrating  the  effects  at  a  point 
P(x,y)  on  the  wing  of  a  series  of  infinitesimal  symmetrical  conical  sec¬ 
tors  represented  by  equation  (^) .  The  sectors  are  distributed  in  a  pyram¬ 
idal  arrangement  with  the  apexes  located  along  the  ray  to  =  0.  If  |  is 
the  streamwise  coordinate  of  the  apex  of  each  sector  measured  from  the  apex 
of  the  trailing  edge,  and  the  limit  |0  designates  the  apex  of  the  rear¬ 
most  sector  containing  the  point  P(x,y)  within  its  Mach  cone,  the 
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derivation  leads  to  the  expression 


fi  =  r.p.  B; 


?o  r(9|,k0) 


-  "x  k.*,>  - 1  -  T 


in  which 


.  —  x 

sin 


^Q-t 


and  is  a  constant.  As  desired,  the  real  part  of  equation  (5)  is 

directly  proportional  to  the  distance  (x-cQ)  and  varies  linearly  with 
tQ  "between  the  ray  tQ  =  0  and  the  trailing  edges  of  the  wing  as  shown 
in  figure  2(a).  The  expression,  however,  reduces  to  the  value 
&i  (x“CQ)  (K0-“Jt/2) /kq,  instead  of  zero,  along  the  trailing  edges.  Hence, 
in  order  to  satisfy  the  boundary  conditions  along  the  trailing  edges,  it 
is  necessary  to  subtract  from  equation  (5)  an  additional  function  which 
has  the  value  S^x-Cq)  (K0“rt/2)  /Kq  in  the  region  of  the  wake.  This  addi¬ 
tional  function  can  be  derived  from  the  two  expressions  obtained  by  super¬ 
posing  the  infinitesimal  conical  sectors  represented  by  equation  ( b )  along 
the  rays  t0  =  mt  and  t0  =  -mt,  respectively,  in  a  manner  similar  to 
that  for  deriving  equation  (5) .  In  this  manner,  the  two  functions 

„  ~  '  /  \f  /  -  V-r-,  /—  \  /  .  \-W  /_  1  \  tO  //  -  ,  ?  V  /  P 


f2=rop.62(x^0)[^(l^t0)F(cp0,k0)+(t0-mt)E((po,k0)-  j^~^y(l~t02)(t02-^ 


f3=r .  P.  63  (x-Cq  )  Ut(  i+mtto  ^(cpo^o  Hto+mt  ^('Po^o  2-^t 


are  determined.  Since  only  the  real  parts  of  these  two  functions  are  to  be 
considered,  the  factors  which  determine  the  signs  of  the  radical  terms  may 
be  replaced  by  t0/|t0|.  The  two  functions  are  now  added  giving  the 
resultant  function 


f4  =  r.p.  S4(x-cQ  )  [F(<P0,k0)  -E(<p0,k0)  ] 


The  abbreviation  r.p.  indicates  real  part. 


(6) 


MCA  TN  2197 


13 


which  along  the  trailing  edges  reduces  to  the  value  &  (x-c0)(K0-Eo). 

If  &4  is  set  equal  to  &i(K0-Ji/2)/K0(Ko^Io),  then  equation  (6) 

■becomes  the  additional  function  required  to  satisfy  the  boundary  condi¬ 
tions  along  the  trailing  edges.7  Except  for  the  determination  of  the  cort- 
stant^  &x,  the  expression  obtained  by  combining  equations  (5)  and  (6) 
describes  the  desired  field  of  quasi-conical  canceling  pressure.  This 
function  must  have  the  same  boundary  value  along  the  x  axis  as  that 
given  by  equation  (3)  with  x  replaced  by  x-c0,  that  is, 

2  \  2V  /  pp  co  cq 


Thus,  61  must  "be  equal  to  2Pp^K0/jfc0,  an<^  ^-e  corr©ctiv©  term  corre¬ 
sponding  to  the  quasi-conical  portion  of  the  pressure  "becomes 


APp2f 


K0-(*/2) 

Ko-Eo 


[E(cpojE0) 


E(9o,kG)] 


} 


(7) 


Equations  (4)  and  (7)  together  comprise  the  first  part  of  the  over¬ 
all  function  required  to  cancel  the  excess  basic  pressure  in  the  wake/ 

The  field  of  pressure  represented  by  these  equations  is  shown  in  figure  3, 
in  which  the  regions  of  overlapping  (or  induced)  pressure  on  the  wing  are 
indicated  by  the  dotted  lines. 

The  second  part  of  the  complete  pressure-canceling  function  for  the 
basic  pressure  in  the  wake  (consisting  of  a  series  of  oblique  sectors) 
has  been  developed  in  reference  but  in  the  form  appropriate  to  a  condi¬ 
tion  of  steady  roll.  The  expression  for  a  single  oblique  sector  of  cancel¬ 
ing  pressure  for  the  right  half  of  a  rolling  wing  is 


It  is  interesting  to  note  that,  if  the  difference  between  the  func— 


tions  f 1  and  f 2  is  taken,  the  function 
f5  =  r.p.  ^y 


E(cp0,k0)  -  m*2  F(cp0,k0)  /(l~t02)(t02^) 

y,  is  obtained.  This  function 


which  is  directly  proportional  to 
and  f 


.  _  -4  ^ave  been  derived  by  other  methods  in  reference'  10,  and  are 
utilized  in  reference  6  to  calculate  approximate  values  for  the  damping 
in  roll  and  pitch  for  swept-back  wings  with  subsonic  trailing  edges. 
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d(aPB")  003  lx"4a  -?(-Si)T^-|^(ooa  ■ 

-± A-X"2')  da 
t-ELf.  1-a  / 

‘  4(APBi")  +1(AV') 

I 

(l-a)(t-®t)  -  (mt-a)(l-t) 


(8) 


where 


X>«  = 


and  where  PRa  is  the  pressure  in  steady  roll  at  a  point  A(xA,yA)  on 


the  trailing  edge  defined  by 


XA  = 


y«  = 


_  ^t£o 

mt-a 

_  c 


A  P  (b^— a ) 

Equation  (8)  is  seen  to  be  made  up  of  two  components,  the  first  ( APp ^ 


conical,  and  the  second 


(^APr  *  ^  quasi  conical  [due  to  the  term'  (y-y^J/y^] 


Equation  (8)  defines  an  oblique  sector  of  infinitesimal  pressure  to 
be  superposed  on  the  basic  pressure  in  the  wake.  As  shown  in  figure  1(b), 
each  sector  has  an  apex  at  the  point  A(xA,yA)  on  the  trailing  edge,  a 
base  at  an  infinite  distance  downstream,  and  is  bounded  on  one  side  by  the 
ray  a  and  on  the  other  by  the  trailing  edge.  This  expression  can  be 
used  to  cancel  pressures  due  either  to  roll  or  pitch;  however,  for  the 
case  of  pitch  it  is  necessary  to  rewrite  the  equation  in  terms  of  x  and 
xA  rather  than  y  and  yA.  Thus,  by  substituting 


x-x 


a  -  a  y-yA 

t  yA 


and  by  replacing  Pp  with  Pp,  equation  (8)  is  transformed  to 

d(APp*»)  =  -  i  f^A)  cos-1  X  *  ’da  -  i  ( cos-1  X" 

*  jt  \  da  /  it  \  da  /  xA  m-^-a  \ 

^  )  da 

t — mt  1 — a  J 
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The  field,  of  pressure  represented  by  equation  (9)  is  illustrated  in  fig¬ 
ure  4,  in  which  the  lower  portion  of  the  pressure  corresponds  to  the  coni¬ 
cal  component  and  the  upper  portion  to  the  quasi-coni cal  component.  The 
region  of  the  pressure  which  overlaps  the  wing  is  shown  by  the  dotted  lines. 


The  total  effect  upon  the  pressure  at  a  point  P(x,y)  on  the  right 
wing  of  canceling  the  field  of  basic  pressure  in  the  wake  in  excess  of  the 
pressure  canceled  by  equations  (4)  and  (7)  is  found  by  integrating  equa¬ 
tion  (9)  between  the  limits  a=0  and  a=aQ.  The  upper  limit  aQ  repre¬ 
sents  the  rearmost  sector s  the  Mach  cone  of  which  passes  through  the  point 
P(xjy)  (fig. 1(b)),  and  is  defined  in  reference  7  as 


Py+cQ-x 

a°  ~  ^  Py+mtc0-x 


(10) 


Also,  for  xA  located  on  the  trailing  edge,  it  can  be  shown  that 

x~xa  mt-t  mtx-Py 

xa  “Mr3  “t0©  1 


^he  basic  Pressure  m  region  I,  the  second  part  of  the  pri 
correction  becomes  '  ^  ^  1 


primary 


COS  1  X • »  da  - 


^a°(^X  &  -  0  ( -  ni> 


=  1 »  +  AP^  1 1 


where 


dPpA  _  /  qcQ\  8mt  [“  2m4-3m2a2  +  a3!^ 
da  V  2V/  0R  L(mt-a)2(m2-a2)3/2  J 


A  graphical  method  of  integration  is  recommended  for  solving  equation  (ll). 
The  separate  conical  and  quasi— conical  components  will  be  retained  through¬ 
out  the  remainder  of  the  analysis  in  order  to  show  their  relative  magni¬ 
tudes  when  applying  the  method  to  a  typical  configuration. 

Equations  (^-),  (7 )>  and  (ll)  therefore  comprise  the.  complete  set  of 
primary  corrections  to  be  added  to  the  basic  pressure  in  region  I  adjacent 
to  the  subsonic  trailing  edge.  They  are  only  partial  corrections  for 
region  III,  which  is  also  affected  by  the  cancellation  of  pressure  out¬ 
board  of  the  tips  and  by  the  cancellation  of  certain  secondary  pressures 
to  be  discussed  later. 
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Primary  corrections  dus  ~to  basio-pressure  cancella.'tioii  outbo&rd  of 
tips.-  In  general,  the  excess  basic  pressure  outboard  of  any  subsonic 
boundary  (except  the  leading  edge  or  a  tip  with  positive  rake)  may  be 
canceled  either  wholly  or  in  part  by  means  of  equation  (9)°  This  expres¬ 
sion  can  be  readily  modified  to  conform  with  the  boundary  conditions  of 
the  excess  basic  pressure  outboard  of  the  tips.  The  section  of  this 
excess  pressure  at  the  tip  is  shown  in  figure  2(b).  With  reference  to 
figure  5  and  noting  that  the  wing  lies  in  the  negative  range  of  t  of 
each  sector  of  infinitesimal  canceling  pressure  to  be  superposed  outboard 
of  the  tips,  it  is  seen  that  to  apply  equation  (9)  to  the  tip  it  is  neces¬ 
sary  only  to  substitute  -mg,  —t ,  and  -a  for  m^,  t,  and  a, 
respectively.  Thus,  for  a  right-hand  tip  with  zero  rake  (mg=0), 


i(APp'")=-i( 

'dPpA.\ 

V  da  / 

cos  1  X 

1  ( 

*-*A  t 

Jt  ' 

\  da  J 

XA  a 

=  d  | 

+  d 

where  X  * '  reduces  to 

X" 

da  - 


cos-1  X  » » *  -  t~S-—  V  l-x« » *2 
t(l+a) 


t  =  a+t+2at 
"t — a 


1 

da  \  (12) 


J 


and  where 


2m4-3m2ag+a3mt  ~1 

(nM.^)2(me-^2)3/2J 


The  sector  of  infinitesimal  canceling  pressure  represented  by  equation  (12) 
is  shown  in  figure  5.  In  this  analysis  only  the  tip  with  zero  rake  is 
considered;  however,  the  tip  with  negative  rake  can  be  treated  in  an  analo¬ 
gous  manner.  The  correction  for  the  tip  with  positive  rake  along  which 
the  pressure  is  infinite,  although  not  considered  herein,  can  be  calculated 
by  adapting  to  the  present  case  the  method  given  in  reference  8  for  the 
case  of  steady  lift. 

The  total  effect  on  the  pressure  at  a  point  P(x,y)  of  canceling 
all  the  pressure  outboard  of  the  tip,  as  shown  in  figure  is  f°un 
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by  integrating  equation  (12)  between  the  limits  a=aQ  and  a=m,  where 
aQ  for  the  tip  is  given  in  reference  7  as 


a  =  Bs 
°  x+P(y-s) 

It  is  noted  that  the  term  dPp  /da  becomes  infinite  at  the  upper  limit 

rA 

of  integration  m;  therefore,  the  integration  should  be  made  according 
to  the  method  of  reference  7.  This  method  leads  to  the  expression 


Pp  *- 
■  A  da 


1 

i 

t 

(cos  1X,,t - - M 

/  2  ' 

)1 

da 

_ 1 

a 

V  t(l+a) 

/ 

/  J 

which,  after  substituting  the  expression  for 
reduces  to 


from  equation  (3)> 


APp,ft 


_  (^qccA  8  /a0(s-y)r 

\  2V/  </  s  IJ  cQ 


(Py+x)(2m2-a2) 


da  + 


(Py-ax)  v(m2 -a2) (a-aQ) ( 1+a) 


m 


XA  a^o 


(Py+x)(2m2-a2) 


co  aoa+a)  (py-ax)*/(m2-a2)(a-a0)  (1+a) 


=  da 


>(13) 


=  APp  «'»*  +  APp^11  • 

J 

The  first  integral  represents  the  conical  portion  of  the  canceling  pres¬ 
sure,  and  the  second  integral,  the  quasi-coni  cal  portion.  Equation  (13) 
has  been  integrated  in  terms  of  elliptic  functions  in  Appendix  A.  This 
equation  therefore  becomes  the  primary  correction  for  the  basic  pressure 
at  points  contained  within  the  Mach  lines  from  the  tip  of  the  leading 
edge  (region  II,  and  region  III  in  part). 


In  Appendix  A,  it  is  interesting  to  note  that  along  the  Mach  line 
originating  at  the  tip  of  the  leading  edge  (corresponding  to  aQ=m)  the 
conical  part  of  the  primary  correction  for  the  tip  does  not  reduce  to 
zero.  This  correction  therefore  represents  an  abrupt  drop  in  pressure 
which,  as  is  shown  in  the  following  illustrative  example,  is  sufficiently 
large  to  cancel  nearly  all  the  basic  pressure  between  the  Mach  line  and 
the  tip.  Similar  effects  were  noted  in  the  cases  of  steady  lift  and 
steady  roll. 
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Secondary  corrections.—  Thus  far,  by  means  of  equations  (4),  (7), 

(ll) ,  and  (A5)>  all  the  excess  basic  pressure  in  the  wake  and  outboard  of 
the  tips  has  been  eliminated.  However,  since  the  canceling  sectors  used 
in  the  process  are  also  infinite  in  extent,  still  further,  although  much 
smaller,  excess  pressures  are  again  introduced  in  certain  regions  in  the 
wake  and  outboard  of  the  tips.  For  example,  as  shown  in  figure  6  for  the 
right  half  of  the  wing,  excess  secondary  pressure  will  be  added  to  the 
shaded  region  outboard  of  the  tip  and,  in  some  cases,  forward  of  the 
leading  edge  as  a  result  of  superposing  the  symmetrical  and  oblique  can¬ 
celing  sectors  along  the  trailing  edges.  In  a  like  manner,  excess  second¬ 
ary  pressure  still  remains  in  small  regions  downstream  from  the  trailing 
edge  after  canceling  the  basic  pressure  outboard  of  the  tips,  as  shown 
for  the  left  half  of  the  wing  in  figure  6  (the  secondary  pressure  in 
extreme  cases  overlapping  the  opposite  wing  panel,  as  shown).  A  rigorous 
mathematical  analysis  would  require  the  cancellation  of  these  secondary 
pressures  and,  in  turn,  the  successively  smaller  excess  pressure  introduced 
by  canceling  the  secondary  pressures,  and  so  on.  The  details  of  canceling 
these  secondary  and  lesser  pressures  by  numerical  methods  are  discussed  in 
references  7  and  8;  but,  since  the  procedure  is  rather  complicated  and 
leads  to  only  minor  improvement  of  the  final  value,  approximate  methods 
will  be  utilized  here.8  Thus,  if  the  secondary  pressure  is  neglected, 
the  pressure  along  the  portion  of  the  tip  and  trailing  edge  affected  by 
the  secondary  pressure  will  not  have  been  reduced  to  zero.  The  magnitude 
of  this  error  becomes  evident  after  calculating  the  chordwise  pressure 
distributions  along  sections  near  the  tip.  The  secondary  correction  for 
the  error  can  then  be  easily  estimated  using,  as  guides,  the  trends  of 
the  primary  corrections.  As  shown  in  figure  1,  the  regions  in  which  the 
secondary  Corrections  apply  are  located  between  the  wing  boundaries  and 
the  Mach  lines  reflected  from  the  points  where  the  Mach  line  from  the  tip 
of  the  leading  edge  intersects  the  trailing  edge,  and  where  the  Mach  line 
from  the  apex  of  the  trailing  edge  intersects  the  tip.  The  excess  second¬ 
ary  pressure  adjacent  to  the  leading  edge  is  neglected  in  cases  in  which 
the  Mach  lines  from  the  trailing-edge  apex  intersect  the  leading  edge. 

This  approximate  procedure  is  sufficiently  accurate  from  a  practical 
standpoint,  as  will  be  shown  in  the  following  illustrative  case.  The 
effect  on  the  pressure  distribution  of  secondary  pressure  existing  upstream 
from  the  leading  edge  is  not  treated  here,  but  is  believed,  on  the  basis 
of  the  results  given  in  reference  8  for  the  lifting  case,  to  be  small 
enough  to  be  neglected. 

Violations  of  downwash  boundary  conditions.-  Although  the  equations 
for  the  sectors  of  canceling  pressure  in  general  do  satisfy  the  boundary 
requirements  for  the  pressure,  they  do  not  in  every  case  comply  with  the 
condition  that  the  downwash  flow  on  the  wing  be  zero  in  order  that  the 
wing  be  flat.  As  discussed  in  reference  7,  the  terms  cos-1  X  11  and 

8 It  should  be  noted  also  that  a  detailed  analysis  of  the  small  secondary 
corrections  would  not  be  fully  justified  in  view  of  the  possible  signi¬ 
ficant  effects  of  viscosity,  which  are  not  considered  in  the  present 
analysis. _ _ _ _ 
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V  l-^f 12  in  the  expression  for  a  single  oblique  canceling  sector  for  the 
wake  (equation  (9))  have  a  real  part,  which  corresponds  to  pressure,  and 
an  imaginary  part,  which  corresponds  to  downwash.  For  these  oblique 
sectors,  the  real  parts  are  zero  only  in  the  range  -1  <  t  <  a,  and  the 
imaginary  parts  are  zero  only  in  the  range  m^  <  t  <  1.  It  is  observed 
that  some  of  the  rays  (in  the  negative  range  of  t)  from  the  sectors 
near  the  apex  of  the  trailing  edge  of  one  wing  panel  (say  the  right  panel 
in  fig.  1)  will  pass  over  the  opposite  wing  panel,  thus  introducing  some 
downwash  flow  on  that  panel.  The  same  effects  occur  on  both  panels,  but 
the  regions  of  the  wing  and  the  amount  of  the  downwash  flow  involved,  in 
general,  are  small.  Hence,  some  inaccuracies  in  the  cancellation  proce¬ 
dure  are  unavoidable,  but  they  are  believed  to  be  insignificant  in  the 
final  result. 

Illustrative  application.-  To  illustrate  the  application  of  the  fore¬ 
going  analysis,  the  pressure  distributions  along  chordwise  sections  A-^A 
and  B-B  and  along  spanwise  sections  C-€,  D-D, -and  E-E  of  the  wing  in 
figure  1  have  been  calculated  and  the  results  plotted  in  figure  7.  In 
this  example,  the  y  axis  is  assumed  to  be  the  axis  of  pitch.  For  com¬ 
parison  of  their  magnitudes,  the  conical  and  quasi-coni  cal  terms  in  the 
trailing— edge  and  tip  corrections  are  shown  individually  in  parts  (a)  and 
(b),  where  it  is  observed  that,  in  general,  the  quasi— conical  terms  are 
small  compared  to  the  conical  terms.  Both  for  this  reason  and  because  they 
involve  a  considerable  portion  of  the  computing  time,  the  quasi— conical 
components  probably  can  be  dropped  in  most  practical  cases.  The  procedure 
'for  calculating  the  pressure  distribution  then  becomes  essentially  the 
same  as  that  outlined  in  references  7  and  8  for  steady  lift. 

A  close  approximation  to  the  pressure  distribution  in  steady  pitch, 
therefore,  may  be  calculated  by  the  following  steps: 

1.  Calculation  of  the  basic  pressure  distribution  for  the  entire 

wing  by  means  of  equation  (3) 

2.  Correction  of  the  basic  pressure  between  the  subsonic  trailing 

edge  and  the  Mach  line  from  the  apex  of  the  trailing  edge 
(regions  I  and  III)  by  means  of  equations  (4),  (7),  and  (ll) 

3.  Correction  of  the  basic  pressure  between  the  subsonic  tip  and 

the  Mach  line  from  the  tip  of  the  leading  edge  (regions  II 
and  III)  by  means  of  equation  (A5) 

k.  Estimation  of  the  secondary  corrections  between  the  wing  boundaries 
and  the  reflected  Mach  lines  from  the  trailing  edge  and  tip, 
using  as  guides  the  trends  of  the  primary  corrections  in  steps 
2  and  3 

5-  Addition  of  the  necessary  lifting  pressure  in  accordance  with 
equation  (l) 
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Where  less  accuracy  is  required,  equation  (7)  and  the  quasi— conical  terms 
in  equations  (ll)  and  (A5)  may  he  omitted.  If  the  region  between  the  wing 
boundaries  and  the  reflected  Mach  lines  is  small,  then  step  4  may  also  be 
excluded. 


Derivative  for  Damping  in  Pitch 


The  derivative  for  the  damping  in  steady  pitch  is  calculated  in  the 
same  manner  as  the  pressure  distribution;  that  is,  the  basic  uncorrected 
value  will  first  be  determined  based  upon  the  expressions  for  the  pressure 
distribution  of  triangular  wings,  and  then  primary  and  secondary  correc¬ 
tive  terms  resulting  from  the  cancellation  of  the  excess  pressure  in  the 
wake  and  outboard  of  the  tips  will  be  added.  As  before,  the  conical  and 
quasi— conical  components  are  developed  separately  in  order  to  ascertain 
their  relative  magnitudes. 

If  the  distribution  of  pressure  is  known,  as  well  as  the  correspond¬ 
ing  moment  arm  to  the  center  of  pressure  of  any  sector  of  the  wing,  the 
damping  moment  in  pitch  for  the  basic  plan  form  and  for  the  separate 
regions  affected  by  the  cancellation  of  the  exterior  pressure  can  be 
readily  calculated  about  some  particular  lateral  axis.  The  spanwise  axis 
passing  through  the  center  of  gravity  (assumed  to  lie  on  the  x  axis)  has 
been  chosen  in  this  analysis.  However,  since  the  pressure  distribution  is 
based  on  a  pitching  velocity  about  the  y  axis,  the  choice  of  any  axis 
other  than  the  y  axis  requires  a  computation  of  the  additional  angle— 
of-attack  corrections  given  in  equation  (2).  Hence,  the  damping  deriva¬ 
tive  calculated  in  the  following  sections  is  not,  in  itself,  complete, 
except  when  the  center  of  gravity  lies  at  the  leading-edge  apex. 

Basic  value  for  the  damping  derivative.-  With  reference  to  figure  8, 
it  is  seen  that  an  increment  of  damping  moment  due  to  the  basic  pressure, 
which  is  quasi  conically  distributed  with  respect  to  the  y  axis  on  an 
element  of  area  (ds/da)da,  is  equal  to  the  product  of  the  resultant 
force  dZ  and  the  moment  arm  x,  the  value  of  x  being  (3*A—  xc .  g. )  * 

Thus,  from  equation  (3)  and  taking  into  account  both  halves  of  the  wing 


dM  =  -  2  xdZ 

=  —  2  (—  x  — x 

\4  A  c*6-/ 


In  this  equation,  the  resultant  force  is  based  on  an  average  pressure 
equal  to  two-thirds  of  the  pressure  at  the  point  xA,yA  at  the  end  of  the 
sector.  The  total  moment  is  found  by  integrating  this  expression  over  the 
two  ranges,  0  <  a  <  at,  for  which  (from  reference  7) 


( IpygWga)  JL  5ft  *£=§L-  (dS) 
\2^  J  3  V  2Vy  PE  c„  .OT5  Vda/ 


da 


(1*0 
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a 


,  =  ^tfo 

A  m^-a 

dS  =  mtacog 
da  2p(m|.-a)2 

and  a-t  <  a  <  m,  for  which 


dS  _  ps2 
da  2a2 


Equation  ,(l4)  has  been  integrated  numerically  in  Appendix  B  where  it  is 
expressed  in  the  form  of  the  damping— in— pitch  derivative,  that  is, 


(15) 


Since  the  pressure  coefficient  and  the  parameter  (  )  are  directly 

V  2V' 

related  in  the  linearized  potential  theory,  the  derivative  may  be  written 
as 


The  tapered  (m  i  mj.)  and  the  untapered  (m  =  m^)  swept-back  plan  forms 
are  treated  separately.  The  result  in  each  case  represents  the  basic 
uncorrected  value  of  the  damping  derivative,  to  which  must  be  added  the 
following  primary  and  secondary  corrections  due  to  the  cancellation  of 
the  basic  and  secondary  pressure  in  the  wake  and  outboard  of  the  tips. 

Primary  corrections  due  to  cancellation  of  basic  pressure  in  wake.- 
If  the  trailing  edges  are  subsonic,  it  is  necessary  to  correct  the  basic 
value  of  the  damping  derivative  for  the  effect  of  canceling  the  excess 
basic  pressure  in  the  wake  by  use  of  the  oblique  and  symmetrical  sectors 
of  pressure.  Considering  first  the  portion  of  the  basic  pressure  canceled 
by  the  symmetrical  sectors,  the  increment  of  force  on  an  element  of  wing 
area  (dS/dtQ)dt0  due  to  the  cancellation  of  the  conical  component  is 

■(£**)  %,<*°'ko) .(£)“• 
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That  due  to  the  quasi-conical  component  is 


dZ2' 


sin  1 


^  I  {F<»c»*o>  - 

m^2  ( 1—tQ2 )  _  KQ-(rt/2) 

Vd^t2)  _  K0^o 


[F(90,k0)-E(cp0,k0) 


in  which  the  average  pressure  is  two— thirds  of  the  maximum  value  at  the  tip 
(or  leading-edge)  end  of  the  element  of  area.  As  illustrated  in  figure  9, 
the  moment  arms  of  the  two  respective  forces  are 


xif  -  co  +  ^  (xs“^o)  xc.g. 
—  3 

X2*  =  Cq  +  £  (xs-CQ)  -  Xc>g. 


giving  the  increments  of  induced  moment 

dMi*  =  xj.'  dZx' 
dM2»  =  x2*  dZ2» 

The  total  induced  moment  on  the  wing  is  found  by  integrating  these  two 
equations  between  the  limits  nij-  and  1.  If  the  rays  tQ  intersect  the 
leading  edge  as  well  as  the  tip,  the  integration  must  be  performed  sepa¬ 
rately  over  the  two  ranges  <  tQ  <  m0  and  mQ  <  t©  $  1,  where  mQ, 
as  shown  in  figure  1(b),  designates  The  ray  passing  through  the  tip  of 
the  leading  edge  (i.e.,  mo=pms/(Ps-mc0)) .  For  tQ  <  m0 


0s 

XB  =  —  +  Co 

to 

dS  _  Psg 

«o  2t02 


x  -  c«^  ,  c 
xs  “  +  +  co 


dS 


m2c02 


dtQ  2p(tc-m)' 


while  for 


t0  >  mo 
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Based  upon  these  values,  the  damping  correction,  expressed  in  derivative 
form,  to  he  added  to  the  basic  derivative,  therefore  becomes 


(17) 


If  mo  is  greater  than  1,  the  second  integrals  in  equations  (l6)  and 
(17)  are  not  required.  The  equations  should  be  integrated  by  a  graphical 
method. 

The  damping  correction  due  to  the  cancellation  of  the  basic  pressure 
in  the  wake  in  excess  of  that  canceled  by  equations  (l6)  and  (17)  is 
calculated  in  a  similar  manner.  The  induced  moment  on  the  wing  due  to  a 
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single  oblique  canceling  sector  originating  at  a  point  A(xA,yA)  on  the 
trailing  edge  is  first  determined,  and  then  the  total  moment  is  found  by- 
integrating  the  effects  of  all  the  oblique  sectors  superposed  along  the 
trailing  edge.  The  two  resultant  forces,  one  (dZi")  arising  from  the 
conical  portion  of  the  canceling  pressure  and  the  other  (dZ2M)  from 
the  quasi— conical  portion,  acting  on  an  element  of  wing  area  (dS/dt)dt 
are  shown  in  figure  10  for  a  single  oblique  sector.  Considering  first 
the  case  in  which  none  of  the  rays  from  the  oblique  sectors  intersect 
the  leading  edge,  the  average  quasi-conical  pressure  is  two-thirds  the 
maximum  value  at  the  tip  end  of  the  element  (for  which  x  -  xA  is  equal 
to  p(s— yA)/t) ,  and  the  two  increments  of  force  from  equation  (9)  become 


azi”  =(jK)  £  (^)  “■  1  x"  (if) 


dt 


dZ2' ' 


a  I ia  H*rlhl  - 

3  it  \  da  /  txA  mt-a  \ 


t-a  ^t 
1-a 


*/l-X'«2  ^  ^  dt 

J  V  dt  J 


The  two  respective  moment  arms  are  seen  from  figure  10  to  be 


xi"  =  XA  +  7 


2  P(s-yA) 


—  X 


c.g. 


=  ,,  _  x  .  i  p(s-7a)  _  x 

x 2  -  XA  +  t  XC. 


g 


The  term  ds/dt  is  given  in  reference  7  as 

ds  =  ( at^Y 

dt  2a^2t2  vrn^-a/ 


The  two  increments  of  induced  moment  due  to  a  single  oblique  sector 
therefore  become 


dMi”  =  dZx" 

dM2 11  =  x2 1 1  dZ2 1 1 


The  total  induced  moment  due  to  a  single  sector  is  now  found  by  inte— ^ 
grating  these  expressions  with  respect  to  t  over  the  range  m^  <  X  ^  1 
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on  the  wing.  A  second  integration  with  respect  to  a  over  the  range 
— &t  <  a  <  a^_  then  gives  the  total  moment  due  to  all  the  sectors  super¬ 
posed  along  the  trailing  edges.  Therefore  the  correction,  expressed  in 
derivative  form,  for  the  region  adjacent  to  a  subsonic  trailing  edge  ' 
(regions  I  and  III  in  fig.  1)  becomes 


ACm  • »  =  » »  +  ££■ 


— -  \  f  t  f  xi"  C— — ^  -  cos  1  X"  (  dtda 


°  int 


Xptt  (zIa)  1  2  6  s-y-A 

\  da  /  *  3  t  xA  m^-a 


cos  1  Xf  *  — 


t-a 

t-m-^  1-a 


The  results,  of  the  integration  of  equation  (l8)  with  respect  to  t  are 
given  in  Appendix  C  (case  i);  however,  a  graphical  method  of  integration 
with  respect  to  a  is  required  for  the  complete  solution. 

Configurations,  in  which  the  Mach  lines  from  the  canceling  sectors 
in  the  lower  range  of  a  intersect  the  leading  edge,  require  additional 
calculations  for  the  range  %  <  t  <  1,  in  which  t  =  (ma<l)  is 
defined  as  the  ray  passing  through  the  points  A(xA,yA)  and  the  tip  of 
the  leading  edge  (fig.  1(h)),  that  is, 


Thus,  the ‘integration  with  respect  to  t  must  he  made  over  the  two 
ranges  <  t  <  1%  and  1%  <  t  <  1.  If  only  the  conical  pressure 
terms  are  considered,  the  area  and  center  of  pressure  of  an  incremental 
sector  in  the  range  <  t  <  1  are 


dS  _  xa2(m  —  a)2 


dt  2(3 (t  -  m)2 
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This  range  disappears  for  those  sectors  which  have  Mach  lines  passing 
downstream  from  the  tip  of  the  leading  edge,  the  limiting  sector  being 
defined  by  the  ray  (fig*  1(h)),  where 

1  -  (ps/com) (1-m) 
a  =  - - - 

1  1  -  (Ps/mtmc0)(l-m) 

Hence  for  a>  a^,  equation  (18)  applies.  The  damping  correction  for 
the  region  0  <  a  <  a j  is  calculated  also  in  Appendix  C  (case  II), 
but  only  for  the  conical  pressures  since  the  quasi-conical  pressures  have 
been  shown  to  be  negligibly  small. 

The  complete  correction  to  the  damping  derivative  resulting  from 
the  cancellation  of  all  the  basic  pressure  in  the  wake  is  comprised  of 
equations  (l6),  (17),  and  (C2)  (or  (C6)  or  (C7),  as  required),  in  which 
the  conical  and  quasi— conical  terms  are  retained  as  separate  components. 

p-rimcn-y  corrections  due  to  cancellation  of  basic  pressure  outboard 

of  tips.-  The  primary  correction  for  a  subsonic  tip  with  zero  rake  can 
be  calculated  in  a  manner  similar  to  that  for  a  subsonic  trailing  edge. 

The  forces  dZ^.* '  *  and  dZ2”’  on  an  element  of  wing  area  at  the  tip 
due  to  the  conical  and  quasi-conical  components  of  the  canceling  pressure, 
together  with  the  respective  moment  arms,  are  shown  in  figure  11.  The 
force  dZ2,,t  corresponds  to  an  average  pressure  equal  to  two— thirds  of 
the  maximum  pressure  at  the  point  of  intersection  of  the  ray  t  and  the 
trailing  edge,  for  which 


From  equation  (12), 

dZj.’  ’ 1  = 

(K 

)i 

/M'paN 

/ 

|  da  cos  1  x* ' 

'(H) 4t 

dZ2*  * 1  = 

/  N 

\ 

iHICVJ 

) 

'“V 

v  da  . 

-  i-  )  £  I  cos"1  X  *  •• 

at/a  L 

t-a 

t(l+a) 

/i_x*»»2  J 

(g)« 

in  which 

as 

_ 

i 

dt 

r 

C 

>  \  at  a/ 

(“t  -  *)2 
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The  respective  moment  arms  are 


Therefore,  the  primary  correction  to  the  basic  damping  derivative  for 
regions  II  and  III  at  the  tip  becomes 


An  analytical  integration  of  equation  (19)  with  respect  to  t  in  the 
range  — 1  <  t  <  0  is  given  in  Appendix  D.  A  suitable  graphical  method 
for  integrating  the  resultant  expression  with  respect  to  a  (as  outlined 
in  reference  7)  is  also  included.  The  tapered  and  untapered  cases  are 
Considered  separately. 

Secondary  corrections.—  As  discussed  previously  with  regard  to  the 
pressure  distribution,  the  calculation  of  the  damping  derivative,  to 
be  complete,  should  include  corrections  for  the  secondary  and  smaller 
pressures.  This  is  most  simply  accomplished  by  estimating  the  magnitude 
of  the  excess  loading  at  the  tip  between  the  secondary  (reflected)  Mach 
lines  and  the  edges  of  the  wing  (see  diagrams  of  the  pressure  distribu¬ 
tion)  and  the  distance  from  the  pitching  axis  to  the  center  of  loading. 

For  practical  purposes,  the  excess  pressure  on  the  wing  may  be  assumed 
to  vary  linearly  from  the  maximum  value  along  the  wing  boundary  to  zero 
along  the  Mach  line.  The  excess  pressure  along  the  tip  is  equal  in  magni¬ 
tude  to  the  correction  due  to  the  cancellation  of  basic  pressure  in  the 
wake;  and  that  along  the  trailing  edge,  to  the  correction  due  to  the 
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cancellation  of  basic  pressure  outboard  of  the  tips.  The  excess  pressure 
upstream  from  the  leading  edges  may,  in  general,  be  neglected.  This 
approximate  method  has  been  used  in  the  following  illustrative  example. 

Illustrative  example. —  The  derivative  for  the  damping  in  pitch  of 
the  configuration  shown  in  figure  1  has  been  calculated  using  equations 
(B*0,  (C2),  (D3),  (16),  and  (17)  and  the  procedure  given  in  the  pre¬ 
ceding  paragraph  for  calculating  the  secondary  correction.  For  this 
example  the  center  of  gravity  is  assumed  to  be  located  at  the  apex  of  the 
leading  edge.  The  results  are  presented  in  table  I,  in  which  the  conical 
and  quasi— conical  components  are  shown  individually. 

It  is  apparent  that  the  contribution  to  the  total  correction  of  the 
quasi— conical  terms  is  only  a  small  portion  of  the  final  value  of  the 
damping  derivative  and  therefore  may  he  dropped  in  many  practical  cases. 
The  estimated  secondary  correction  in  some  cases  may  also  he  insignifi¬ 
cant,  particularly  those  in  which  the  wing  is  considerably  tapered.  If 
such  approximations  are  warranted,  then  possibly  the  simpler  method  of 
reference  6  for  canceling  the  excess  pressure  in  the  wake  may  be  used. 

The  calculation  of  the  damping  derivative  therefore  can  be  accom¬ 
plished  in  the  following  steps: 

1 .  Computation  of  the  basic  value  for  the  over-all  plan  form  by 

means  of  equation  (B3)  (or  (b4)) 

2.  Correction  of  the  basic  value  for  the  effect  of  a  subsonic 

trailing  edge  by  means  of  equations  (l6),  (17) ,  and  (C2) 

(or  (c6)  or  (C7),  as  required),  dropping  the  quasi-conical 
terms  where  feasible 

3.  Correction  of  the  basic  value  for  the  effect  of  a  subsonic  tip 

by  means  of  equation  (D3) ,  dropping  the  quasi-conical  terms 
where  feasible 

4.  Estimation  of  the  secondary  correction  for  the  excess  secondary 

pressures  as  outlined,  if  required 

5.  Addition  of  the  angle— of -attack  corrections  in  accordance  with 

equation  (2) 


This  procedure  follows  closely  those  procedures  given  in  reference  7  f*or 
the  lifting  case  and  in  reference  9  f°r  the  rolling  case. 


CONCLUDING  REMARKS 


Through  use  of  the  method  of  the  superposition  of  conical  flows,  the 
calculation  of  the  pressure  distribution  and  the  derivative  for  the  damping 
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in  steady  pitch  has  been  extended  to  include  swept-back  wings  having  all 
edges  subsonic  (provided  they  are  also  straight).  The  method  presented 
is  rigorous  if  carried  out  in  detail,  but  for  most  practical  purposes  it 
can  be  shortened  considerably  by  neglecting  certain  less  significant 
terms  in  the  final  results.  The  method  resulting  from  such  simplifica¬ 
tion  parallels  closely  those  methods  presented  for  swept-back  wings  in 
reference  7  for  the  case  of  lift  and  in  reference  9  for  the  case  of  roll. 

Although  this  analysis  does  not  include  wings  having  positive  or 
negative  rake  at  the  tips,  it  can  be  easily  adapted  to  wings  having  nega¬ 
tive  rake.  The  analysis  is  not  complete  for  configurations  in  which  the 
Mach  lines  originating  at  the  trailing  edge  intersect  the  leading  edge; 

, however,  the  results  given  for  such  cases  are  believed  to  be  sufficiently 
accurate  for  most  applications.  , 

The  analysis  has  shown  that  abrupt  changes  in  pressure  should  occur 
along  the  various  primary  and  reflected  Mach  lines  on  the  wing,  especially 
those  originating  at  the  tips  of  the  leading  edge.  Such  effects  have 
been  found  previously  for  wings  at  constant  angle  of  attack  and  in  steady 
roll.  It  should  be  noted,  however,  that  such  discontinuities  in  pressure 
are  not  compatible  with  the  flow  that  would  be  found  on  wing  surfaces  in 
a  viscous  fluid.  There  is  evidence  that,  because  of  the  presence  of  a 
boundary  layer  on  the  wing  surfaces,  the  pressure  changes  are  much  more 
gradual  than  those  given  by  the  foregoing  theory.  In  particular,  it  isr 
believed  that  a  rigorous  numerical  analysis  of  the  secondary  corrections 
for  the  pressure  and  damping  derivative  (for  region  III  in  fig.  1(a)), 
because  of  the  moderating  effect  of  the  viscosity,  would  not  be  justified 
from  a  practical  standpoint.  For  this  reason,  approximate  methods  for 
calculating  the  secondary  corrections  were  utilized  in  the  present  report. 


Ames  Aeronautical  Laboratory, 

National  Advisory  Committee  for  Aeronautics, 
Moffett  Field,  Calif.,  May  12,  1950. 
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APPENDIX  A 

INTEGRATION  OF  PRESSURE  CORRECTION  DUE  TO  CANCELLATION  OF 
BASIC  PRESSURE  OUTBOARD  OF  TIP 


The  equation  for  the  correction  for  the  basic  pressure  in  the  vici¬ 
nity  of  a  streamwise  tip  due  to  the  cancellation  of  basic  pressure  out¬ 
board  of  the  tip  (equation  (13) ),  namely. 


can  be  integrated  in  terms  of  elliptic  integrals  in  the  following  manner : 
Substituting  —  =  gives 

Cp 


8,— -8  o 

a0(l+a) 


da  + 
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Equation  (A2)  may  be  expressed  in  terms  of  elliptic  integrals  by  substi- 
tut  mg 


sn 


(a0+l)(m-a) 

(a+l)(m-an) 


)  (A3) 


k  = 


(m— aQ)  (Ihu) 
2m(l+a0) 


Thus, 


AP 


1 6  _S_  gy+x 


m 


aQ(s-y)  f2bk2(l+m)-f 


2Y  /  itR  cQ  j  2m(l+a0)V  s 


{■ 


2  _  K 


bh 


du  + 


(h— f )  g— 2b  ( 1+ml  ( h+k  2~1  P  du 


h(h+b) 


l+hsn2u 


( b+f )  2+2b  ( 1+m)  ( b— k2)  P  du 


b(h+b) 


l-bsn2u 


m-a0 

a_(l+m) 


gbk2(i+m)-f2  rK(1^n2u)du  + 
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f )  ~2b  ( 1+m)  (h+k2)  P  1— sn2u  *  , 
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1— bsn2u 


du 


(Ah) 


where 


m-a0 

f  =  - 2 

1+a^ 


h  = 

Py-mx  l+a 
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b  = 
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(l+aQ) 
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The  solution  to  equation  (a9)  reduces  to  the  final  form 

AP  • ' 1  =  -f— — 
p  \2V  /  rtR 


l-£m‘ 


4  (s-y) 


co  V  2m(l+a0) 


K(k) 


1  (2mgx2-P2y2) 

^7  // (mx+Py)(mx-py) 


*  +  2m(py+x),  /s^y  $ 

0  (3y  V  s  0 


/  9cq  j  16  s 
\  2V  /  KR  c, 
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s  a.(l-m^) 
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The  first  bracketed  term  in  equation  (A5)  represents  the  part  of  the 
correction  due  to  the  conical  component  of  the  sectors  of  canceling 
pressure;  the  second  bracketed  term,  that  due  to  the  quasi-conical  com¬ 
ponent  . 

Of  particular  interest  are  the  corrections  for  points  on  the  Mach 
line  originating  at  the  tip  of  the  leading  edge.  Along  this  line  the 
terms  aQ  and  k  in  equation  (A5)  reduce,  respectively,  to  m  and  zero 
and,  as  a  result,  the  second  integral  in  equatiqn  (Al),  corresponding  to 
the  quasi— conical  ’  component  of  pressure,  vanishes  (since  a-aQ  ->  0). 

On  the  other  hand,  the  conical  component  is  finite  along  the  Mach  line 
and  equation  (A5)  reduces  to 


Thus  equation  (A6)  expresses  an  abrupt  drop  in  pressure  along  the  Jfcch 
line. 
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APPENDIX  B 

BASIC  VALUE  OF  DERIVATIVE  FOR  DAMPING  IN  PITCH 


From  equations  (l4)  and  (15)  the  basic  value  of  the  derivative  for 
the  damping  in  pitch  may  be  written 


m. 


'iW) 


Sc. 


m_  rQt 
xdZ  +  /  xdZ 


) 


(Bl) 


at 


After  substitution  of  the  respective  expressions  for  x  and  dZ,  equa¬ 
tion  (Bl)  reduces  to 


m. 


A bs\/s 

Vs  A  cc 


m 


0  2  2 

2m  -a 


da  + 


m  -a 


(SO 


4  r,a- 


2m2-a2 


(mt-a)4  N m2-a2 


da 


k  ( isu&A r  fcssi)  r 

3  V  mtc0  /  L  \  Ps  /  J 


m  2  2 
2m  -a 


aVm2-a2 


da  + 


(  mtco 
V  ps 


4  at 


2m2-a2 


(m^-a)3  v  m 


da 


(B2) 


The  final  expressions  for  the  two  cases  m^m^  (in  which  mj-  >  m)  and 
m=m^j  after  integration  of  equation  (B2),  are  as  follows: 


in 


#  (%)  1 < 


(gmg+at2 )  «/m2-at2  + 


2  r» 

3m  at'3 


( mtcoY  f  J 

\  ps 


m2-at2 


r  nij.2-2m2  mt(mt2+4m2) 


3(n>t2-®i2)  (mt-at) 


2(mt2-4n2)(mt-at) 


2m4+12nPnut2+iti-t4  1  m3  ( 4m4-12mt2ma+23mt4 ) 


2.^2%  2  J 
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m^.m2(  2m2+3m^.2 ) 


2(m£2-m2)3  VnLj.2-m2  L  ®(m-trat) 


cos 


-i  m  ~mtat 


—  cos 


-1 


m 


i^Ac.g.y  ^^  {iES.  i 

3  Wco  /  l  \  Bs  )  at2 


f  114.  cQ\  ( 2m4— 5mt2m2+m^.3a^+2in2mta^  ) 

\  J  L  2(mt2-m2)2(mt-at)2 


m3  ( 2m2— 5m^.2 ) 


2mt2(mt2-m2)2  2(mt2-m2)2</m^ffl2  V  m(mt-at) 


(  -l  m‘ 

I  cos  — 
\  ml 


-®tat 


cos 


— l  m 


“t 


)]} 


m  = 


“t 


c  =  _  (Vi)  (jl\  if.  [ I. 

“q  Vs  /  \co  J  B  \ 


( 2m2+at2 ) J m2-at2 
3m2ata 


f  mc0y 

\  Rr  / 


Ps  S  105m2 ( m-a^ )4 


(B3) 


(64m3-46m2at-4mat2+at3)  */m2-at2  -  64(m-at) 


3  \  mcQ  /  L  \  ps  / 


•J  in2— a^_‘ 


(?) 


ps  /  5m(tn~a^) 


3 


( 4m2 -2a^m-a^.2 )  J m2-a^.2  —  4  ( m-a^  )3  j" 


(B4) 


If  the  term  xc#g#  is  zero  in  the  above  equations,  then  the  angle— of— 
attack  correction  given  by  equation  (2)  is  not  required. 
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APPENDIX  C 

CORRECTIONS  FOR  DAMPING  DDE  TO  OBLIQUE 
CANCELING  SECTORS  IN  WAKE 


The  corrections  for  the  damping  derivative  due  to  cancellation  of 
the  basic  pressure  in  the  wake  by  means  of  the  oblique  sectors  are  given 
separately  for  the  two  cases  >  1  (i.e.,  Mach  lines  from  trailing 

edge  intersect  tip)  and  <  1  (i.e.,  Mach  lines  from  trailing  edge 

intersect  leading  edge). 


Case  I  (n^  >  1) 

The  correction  for  this  case  is  given  by  equation  (l8),  which,  upon 
substituting  the  expressions  for  x ' *  and  ds/dt,  becomes 


As C™  •  *  =  AC_  » 1  +  ACm  » » 

“q  “qi  “qs 


J  Pmt2s2  ~&t 


( 22a)  Sc„  ''Sflat2 
\  2V/ 


r  "  /at-a\  /^Pa 
J  Vmt-a/  \  da 


xA~xc .  a: .  + 


mt 


2  1  1  coB^X.-dtia  +  a^t2'2  /*  (H-afs-x a 


3  t  J  tf 


r  (a-t-8-)  s-yA  (/dPPA^ 

J  (m+-a)Q  xa  \  da  / 


3  27tat  J  (mt-a  )3  xa 


1  r 


‘“t 


XA-X„  „  +  -L  — — f  cos  1x’  •  -  t_a 


t-mt 


J? at  da| 

(Cl) 


Integrating  equation  (Cl)  with  respect  to  t  gives 


AC 


'(V)  -  ^\2  natdPT  '  '2 

t  t  -  x  s  / 


m. 


_ p/^t 

/qco\  k  Vat 

\2V/ 


>PA  (at_a^ 


da  a(m-|;-a)2 


/XA— xc .  g 
V  co 


mt-a 

“t 


g.  ^s-yA^  ^mtg-a2^  +  J~  ^xA~xc.g.  ^ 
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Case  II  (n^  <  1) 


The  correction  for  this  case  is  composed,  of  two  parts,  one  for  the 
range  a^  <  a  <  at  and.  the  other  for  the  range  0  <  a  <  a^ .  Thus, 


The  first  part  for  a  >a j  is  given  by  equation  (C2).  The  second  part 
has  to  be  evaluated  separately  over  the  two  ranges  m.  <  t  <  m  and 
“a  < t  <  1,  that  is,  ^  "  a 


o  mt 


If  only  the  conical  component  of  the  canceling  pressure  is  considered, 
the  correction  for  the  range  0  <  a  <  a  1  becomes 


When  integrated  with  respect  to  t,  this  expression  for  a  tapered  wing 
reduces  to 
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(l-mtHffla-m) 


an  untapered  wing  (m=iat),  the  correction  is 
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APPENDIX  D 

DAMPING  CORRECTION  DDE  TO  CANCELLATION 
OF  BASIC  PRESSURE  OUTBOARD  OF  TIPS 


The  correction  for  the  damping  derivative  from  equation  (19) >  after 

substituting  the  expressions  for  x’1,,,)  leg'**,  and  and  integrating 

with  respect  to  t,  "becomes  ^ 


• « i 


££„  •  * »  +  £Cm  *  • ' 

mqs 


mqi 

©) 


4  c 


/ 


O  at 


/  a(l+a)  _  1 
m^-a  L  */  ^(l+ii^.) 


a(l±a) 


(mt-a)2  mt-a  */  ^(l+n^) 


l+2mt 


da  + 


mt-^a  T  /a(l+a)  _  i  1  _  1+2mt  /  a(l+a)  _ 

2(mt-a)2  L  y^d+n^)  -I  ‘Ml+ntJUt-a)  J 

- - 1 _ /a.(1+a),  X  +  I  A  _  1_\  f_  _1 _ ga-^ . 

4irLt.(l+!n^)(l+a)  **  J  4  \a  at  /  l  6m^.2  6(m^-a)3 


(2±al 


DitCi+mt) 


1+2mt 


m^+a+l 


+  _  3a-mt 

8m .(.( m  t-a )  ( 1+m  2  6(m^.-a)2(l+m^)  6(m^.-a); 
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where 

H(a) 

J(.a)  ■ 

and 
6(a)  = 

p(a)  = 

h(a)  = 

J(a)  = 

2  (a)  = 


3®t 

4 


£"h)  {&“^)[t+h(a)- 


(l_i) 

\a  a +/ 
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a ( 1+a ) 


i+2mt 
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1 
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V  m 


l+mt  V  mt(l+mt)  J 
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dPp . 

Since  the  term  — - —  becomes  infinite  as  a  approaches  m,  it  is 
aa 

necessary  to  transform  equation  (D2) ,  according  to  the  procedure  outlined 
in  reference  7>  to  the  following  more  suitable  form  for  numerical  integra¬ 
tion,  where  the  two  cases  m  ^  m-^  (m^  >  m)  and  m  =  m-^  require  separate 
solutions  as  noted: 


...  -  (tfS  ^Vsi 

\S/  R-  c02 


,  Fn  ,  f  m+«/m2-a+2 
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Case  I,  m  f  m^. 
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1+2mt 


4amt 2 ( 1+mt ) 2 ( 1+a ) 


/a(l+a) 
V  mt(l+m^. 


in  which  g(a),  p(a),  h(a),  j(a),  and  2(a)  have  "been  previously  defined, 
and 
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J'(m) 


where 
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TABLE  I.-  CALCULATED  DAMPING  DERIVATIVE  FOR  WING  SHOWN  IN  FIGURE  1 


Quantity 

Magnitude 

Percent 
of  total 

C  (uncorrected) 
q 

-12.174 

179.3 

ACm  * ’  (T.E.,  conical) 

9i 

1.063 

-15.7 

AC^  f  t  (T.E.,  quasi  conical) 

.046 

-.7 

AC^  f  (symmetrical,  conical) 

1.883 

-27 .6 

ACm  *  (symmetrical,  quasi  conical) 

.129 

-1.9 

ACm  111  (tip,  conical) 
qi 

2.431 

-35.8 

AC  fft  (tip,  quasi  conical) 

M2 

.231 

-3.4 

Estimated  secondary  corrections 

-.4oo 

5-9 

C™  (corrected) 

q 

-6.791 

u- ,  ,  „ 

100.0 
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M  =  1.50 
A  =63° 


co=  5.80 


s  =  5.00 
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/W  Illustrative  wing  plan  form. 

Figure  /.-  Wing  plan  form,  coordinate  system,  and  prin 
cipai  symbols  used  in  analysis. 
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(a)  Pressure  field  canceled  by  symmetrical  sector. 


Figure  2.  -  Field  of  pressure  in  the  wake  to  be  canceled. 
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MCA 


Z 


Figure  3.  -  Symmetrical  pressure  canceling  sector  in  the  wake . 
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Percent  chord 


(a)  Section  A-A. 

Figure  7.- Pressure  distributions  along  various  sections  of  the  illustra¬ 
tive  plan  form  in  steady  pitch. 
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Pp  4 
\2V/  2 


Basic  pressure 


Mach  line  (T.El 


Mach  line  (tip)  / 
Secondary  / 
Mach  tine -7  / 


Symmetrical  quasi-/, 7////^ 
O  *  conical  correction—  \  Y~~ 

_2_. Quasi -conical  correction  (IE) 
Quasi-conicai  correction  (tip) 


-4-. Conical  correction  (T.E.) - — r~ 

Symmetrical  conical  correction — 4=r — 73 — ^ 

-q.  Conical  correction  (tip) - — — ^ 

Estimated  secondary  corrections  (T.E.  and  tip) 


40  60 

Percent  chord 


iOO 


(b)  Section  B-B. 


Figure  7.-  Continued. 


Section  C-C 
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Figure  7.-  Concluded. 


an  element  of  wing  area  due  to  the  conical  and 
onents  of  an  oblique  pressure  canceling  sector 
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